ABSTRACT. Citrus canker, caused by the Gram-negative bacterium Xanthomonas citri subsp citri (Xac), is a major disease affecting citriculture worldwide, because of the susceptibility of the host and the lack of efficient control methods. Previous studies have reported that some genes of phytopathogenic bacteria possess a consensus nucleotide sequence (TTCGC...N15...TTCGC) designated the "plant-induciblepromoter box" (PIP box) located in the promoter region, which is responsible for activating the expression of pathogenicity and virulence factors when the pathogen is in contact with the host plant. In this study, we mapped and investigated the expression of 104 Xac genes associated with the PIP box sequences using a macroarray analysis. Xac gene expression was observed during in vitro (Xac grown for 12 or 20 h in XAM1 induction medium) or in vivo (bacteria grown in orange leaves for 3 to 5 days) infection conditions. Xac grown in non-induction NB liquid medium was used as the control. cDNA was isolated from bacteria grown under the different conditions and hybridized to the macroarray, and 32 genes differentially expressed during the infection period (in vitro or in vivo induction) were identified. The macroarray results were validated for some of the genes through semi-quantitative RT-PCR, and the functionality of the PIP box-containing promoter was demonstrated by activating b-glucuronidase reporter gene activity by the PIP boxcontaining promoter region during Xac-citrus host interaction.
INTRODUCTION
Xanthomonas citri subsp citri (Xac), a Gram-negative bacterium, is the etiological agent of citrus canker, a disease that attacks citrus crops worldwide, causing significant yield and economic losses (Agrios, 2005) . Xac colonizes the plant surface as an epiphyte without causing disease, until entering the host through natural openings (stomata, hydathodes) or wounds; subsequently, Xac triggers the expression of pathogenicity and virulence-related genes that facilitate the adaptation of the bacterium to the host, and induces the eventual attack of the bacterium. To develop in the apoplast, this phytobacterium has to coordinate its adaptation to the host environment and cellular multiplication, with the induction of genes required for successful infection (Brown, 2001) .
Almost all Gram-negative phytopatogenic bacteria carry a type III secretion system (TTSS). Xanthomonas spp. presents a TTSS, encoded by a cluster of hypersensitive reaction and pathogenicity (hrp) genes, which is a critical pathogenicity factor (Guo et al., 2012a) . Two regulators control the expression of the hrp genes: HrpG, a member of the OmpR regulator family, and HrpX, an AraC-type transcriptional activator. Under an environmental stimulus, HrpG becomes phosphorylated and activates the expression of hrpX and hrpA (Wengelnik and Bonas, 1996) . HrpX controls the expression of other hrp genes as well as other effector genes. The AraC-type DNA binding domain present in HrpX specifically recognizes a regulatory element called plant-inducible promoter box (PIP-box), present in the cis-regulatory region of the hrp gene cluster (Wengelnik and Bonas, 1996; Koebnik et al., 2006) .
The PIP-box was first described in Xanthomonas campestris pv. vesicatoria (Xcv) with a consensus sequence motif TTCGC...N15...TTCGC (Fenselau and Bonas, 1995; Koebnik et al., 2006) . This consensus sequence is called a canonical or perfect PIP-box (Ciesiolka et al., 1999; Koebnik et al., 2006) . A putative PIP-box region has also been identified in the promoter region of avrRxv, the avirulence gene from Xcv, indicating that this gene can be regulated like the hrp genes (Ciesiolka et al., 1999) . Similarly, the PIP-box has also been identified in the promoter regions of avirulence genes of another phytopathogen, Ralstonia solanacearum (Salanoubat et al., 2002) .
Imperfect PIP-box sequences have been described in various other phytopathogens. In R. solanacearum, the PIP-box sequence TTCG….N16….TTCG, originally named hrpII box, was found to be essential for the activation of hrpY (Cunnac et al., 2004) . In Xcv, the imperfect PIP-box sequence TTCGC….N8….TTCGT regulates the expression of hrpF (Huguet and Bonas, 1997) . Recently, another imperfect PIP-box TTCGA….N21….TTCGC was described in the promoter region of the gene kgtP in Xanthomonas orizae pv. orizae (Guo et al., 2012b) . KgtP is secreted by the TTSS, and its expression is positively regulated by HrpX and HrpG.
Therefore, PIP-box and PIP-box-like sequences are believed to play pivotal roles in the regulation of plant-pathogen interactions by regulating the gene expression (Figueiredo et al., 2011) . Herein, we aimed to identify new genes in Xac that are regulated by the PIP-box and PIP-box-related sequences, and to relate them to putative pathogenicity and virulence functions underlying citrus canker.
To this end, an in silico search was done in the genomic sequence using the sequence motifs TTCGN...N15...TTCGN and TTCGC...N16...TTCGC, and 104 PIP-box sequences were mapped throughout the genome of Xac 306. The functionality of these putative PIPregulated genes was addressed by a macroarray assay, wherein the membrane was probed against cDNA from non-infecting and infecting Xac at 12, 20, 72, and 120 h after inoculation.
The results presented herein show that all PIP-box-containing genes, such as effectors, hrp genes, and non-TTSS-related genes, showed altered expression (up and down) during the initial stages of Xac infection in vitro and in vivo.
MATERIAL AND METHODS

Strain, plasmids, and culture medium
The strains and plasmids used in this study are listed in Table 1 . Xac strain 306, which is primarily used for phytopathogen sequencing, was cultured. A cell culture in the log phase was obtained by incubating the induction culture in the non-hrp-inducing NB medium (5 g peptone and 3 g beef extract for a total volume of 1000 mL), or in the hrp-inducing XAM1 medium [7.57 mM (NH 4 ) 2 SO 4 , 33.06 mM KH 2 PO 4 , 60.27 mM K 2 HPO 4 , 1.6 mM sodium citrate (C 6 H 5 Na 3 O 7 .2H 2 O), 0.5 mM fructose, 0.5 mM sucrose, 1 mg/mL bovine serum albumin (BSA), 1 mM MgSO 4 , and 0.03% Casamino acid; pH = 5.4], in a shaker incubator at 28°C for 16-20 h. Electrocompetent Escherichia coli DH10B (Eppendorf AG, Hamburg, Germany) cells were cultured at 37°C in Luria Bertani (LB) culture medium, and electrocompetent Xanthomonas axonopodis pv. citri cells were grown at 28°C in NB medium for 16 h. The culture media were supplemented with the antibiotics ampicillin (100 mg/mL) and spectinomycin (50 mg/mL), when necessary.
In silico mapping of PIP-box sequences
Possible PIP-box promoters and other associated genes were mapped using the Perl programming language (http://www.perl.org). PIP-box consensus sequences with 15 to 16 nucleotide intervals (5'-TTCGN...N15...TTCGN-3' and 5'-TTCGC...N16...TTCGC-3') were mapped from a -1000 to -10 nucleotide interval towards the 5'-open reading frame (ORF). For the 15-nucleotide interval PIP motif, degenerated positions were defined for the four bases (adenine, guanine, thymine, or cytosine). Therefore, the fifth consensus base for 5'-TTCGN... N15...TTCGN-3' was considered to be degenerated for the DNA strand. In silico mapping of possible PIP-box sequences yielded 104 PIP motifs associated to clones representing ORFs that could possibly be related to the PIP-box regulation. 
Selection of representative clones for construction of PIP-box-associated ORF macroarray
Shotgun clones used for Xac genome sequencing, which contained ORFs associated with PIP-box elements, were recovered and rearranged on 96-well plates. DNA of recombinant plasmids containing the ORFs of interest was extracted from E. coli, and the identity of each clone was verified by automated sequencing. Plasmid DNA was prepared using a previously described alkaline lysis method (Sambrook et al., 1989) . Plasmid DNA was sequenced according to the dideoxynucleotide chain termination method (Sanger et al., 1977 ) via a polymerase chain reaction (PCR) using a "BigDye Terminator" (Applied Biosystems, Foster City, CA, USA) and an M13 forward and reverse primer for the validation of each clone.
Xac macroarray membranes
Plasmid DNA expressing the 208 ORF sequences were printed on nylon membranes from the 96-well plates (Raybond-N+; Amersham Biosciences, Amersham, UK) using a Q-Bot robot (Genetix). The samples were spotted in duplicate (technical replicates); each clone was deposited thrice at the same point to ensure sample placement. A 900-micron spacing was maintained between each point in a 3 x 3 array. The DNA samples were then fixed to the membrane using a UV light (1600 J/cm 2 ).
Preparation of infectious Xac
The expression of 104 Xac PIP-associated genes in XAM1 virulence induction medium was evaluated at 12 and 20 h. In planta virulence was analyzed at 72 h (3 days) and 120 h (5 days) after inoculation. Leaves from host citrus plants (Citrus sinensis) were inoculated using the pressure infiltration method, such that the entire leaf was completely infiltrated with Xac at a concentration of 10 8 CFU/mL. Approximately 100-150 leaves were inoculated in order to obtain a pellet of infecting Xac for a given condition. Bacterial cells were recovered from the leaves of inoculated host plants by cutting with scissors and submerging in a 0.85% NaCl solution for 15 minutes under agitation in an ice/water bath. The inoculated plants were maintained in a biosafety laboratory under optimal temperature, luminosity, and humidity conditions, and with HEPA air filtering equipment in order to contain the phytopathogen.
Probes, macroarray hybridization, and analysis
Total RNA was extracted from Xac cells using a standard Trizol ® reagent (Life Technologies, Carlsbad, CA, USA) according to manufacturer protocols, and treated with amplification grade deoxyribonuclease I (Invitrogen; Life Technologies) according to the manufacturer specifications. cDNA probes of non-infecting and infecting Xac were obtained by reverse transcription with the non-specific hexa-oligonucleotides primer pd(N)6 and [ 
Synthesis of cDNA probe and membrane hybridization
cDNA probes were synthesized from total RNA extracted from the bacteria at infecting and non-infecting stages of growth (at different times). Six independent biological replicates representing the various conditions were used to obtain total RNA for macroarray assays (which justifies the inoculation of a large number of orange leaves in this study). Two technical replicates were used in membrane hybridization.
The cDNA probes were designed as described by Schummer et al. (1999) . Total RNA (30 µg) and the random primer pd(N)6 (156 pmol) were incubated at 75°C for 10 min and subsequently cooled on ice. The reaction mixture, composed of 5 mL standard 5X First Strand Buffer (Invitrogen); 2.5 µL (100 mM) 1,4-dithiothreitol (Invitrogen); 80 U RNAseOUT (Invitrogen); unlabeled dATP, dTTP, and dGTP (10 mM each); and 3 µL [a 33 P] dCTP (30 µCi), was incubated at 42°C for 5 min. SuperScript III RNase H -Reverse Transcriptase (250 U; Invitrogen) was added to the reaction mixture, and the resulting mixture was incubated at 25°C for 30 min. Subsequently, 12.5 mM dCTP was added to the reaction mixture and was incubated at 25°C for 2 h. The probe was denatured at 95°C for 5 min. The reaction was stopped with a 50-mL mixture containing 1.4 mL 5 M NaOH, 1.8 mL 3.9 M HCl, 7.0 mL 1 M Tris-HCl, pH 7.5, and sterilized water. The probe was purified with Sephadex G-50 columns (Invitrogen), and the incorporation of radioactive compounds was measured by a standard scintillation counter (LS6500; Beckman Coulter, Brea, CA, USA), in order to compare the utilization of cDNA probes against the incorporated amount of radioactive compounds.
Labeled cDNA were hybridized to macroarray membranes in a solution containing 1% (w/v) BSA (BSA Fraction V; Sigma-Aldrich, St. Louis, MA, USA), 1 mM ethylenediaminetetracetic acid, 7% sodium dodecyl sulfate (SDS; 99.9% purity), and 0.5 M sodium phosphate (Na 2 HPO 4 ) at 58°C for 18 h. The membranes were then washed twice in 2X SSC and 0.1% SDS at 65°C for 15 min; once in 1X SSC and 0.1% SDS at 65°C for 15 min; twice in 0.1X SSC and 0.1% SDS at 65°C for 15 min; and once in 0.1X SSC at 25°C for 5 min. The filters were sealed with plastic film and exposed to imaging plates (Fujifilm, Tokyo, Japan) for 96 h. The images of the membranes were scanned using Phosphorimager FLA3000-G (Fujifilm), which produces a digital image of the radioactive signal.
Statistical analyses
Hybridized macroarray image files were evaluated using the ArrayVision software (Imaging Research, Ontario, Canada) and the data were analyzed using the R statistical platform (http://www.R-project.org; Ihaka and Gentleman, 1996) . The data were first normalized using the "vsn" package (Huber et al., 2002) . Differentially expressed genes were obtained using the "limma" package (Smyth, 2005) . The genes were classified in decreasing order from the B-statistic considering the false discovery rate (FDR) proposed by Benjamini and Hochberg (1995) and analyzed using the limma package. A list of differentially expressed genes with a 5% FDR, B-statistic > 0, and P value < 0.05 was obtained. The gene expression pattern over time was determined using the "timecourse" package (Tai and Speed, 2006) . All packages used in this study belong to the Bioconductor (Gentleman et al., 2004) project.
Semi-quantitative RT-PCR
Total RNA obtained from samples cultured in different conditions (N = 6) were used for macroarray analysis and later pooled together only to perform semi-quantitative RT-PCR experiments in three technical replicates. Three differentially expressed genes (ORFs XAC0398, XAC0416, and XAC2370) and an internal control showing constitutive expression (rDNA 16S) were validated through semi-quantitative RT-PCR. The oligonucleotides used in this experiment are listed in Table 2 . These RNA samples were treated with DNase and run as controls. RT-PCR was conducted using the standard SuperScript TM One-Step RT-PCR with Platinum Taq ® kit (Invitrogen) according to the manufacturer protocols. Two hundred and fifty nanograms of DNase-treated RNA was used as the template, and 20 reaction cycles were performed in a Mastercycler Gradient thermal cycler (Eppendorf). The resulting products were electrophoresed on agarose gels, and the bands were transferred to a nylon membrane via a standard Southern blot (Sambrook et al., 1989) . Probes corresponding to the purified PCR fragments from the same genes used in RT-PCR (ORFs XAC0398, XAC0416, and XAC2370), labeled with a commercial kit (Gene Images AlkPhos Direct Labeling and Detection System; Amersham Biosciences), were hybridized to the nylon membranes and subsequently exposed to X-ray films (MXG/Pluys; Kodak, Rochester, NY, USA). The autoradiographs were subsequently scanned and quantified densitometrically using a Shimadzu CS-9301 analyzer (Shimadzy Medical Systems, Kyoto, Japan).
Gene reporter assays
Xac strains harboring reporter constructions and non-transformed Xac (control) were grown for 20 h in XAM1 or NB medium and subsequently assayed in vitro. The b-glucuronidase (GUS) assay was performed as described by Lacorte (1998) . In planta assays were performed by inoculating reporter Xac strains into citrus host leaves and bacterial cells were exuded from the vegetal tissue 3 to 5 days after inoculation. Bacterial pellets obtained from plants cultivated under different conditions were re-suspended in 1 mM MgCl 2 solution until an optical density (OD 600nm ) of 0.3 was attained. Aliquots (100 µL) of this solution were used for enzymatic assays, which were performed in triplicate. The Xac samples were cultured in X-gluc buffer or in X-gluc buffer with the X-gluc substrate; the absorbance of these samples at OD 600nm , as well as the color change in the solutions, were observed. The absorbance values of the bacterial cells in the X-gluc buffer were subtracted from the values of the respective bacterial cells in the X-gluc buffer + X-gluc (substrate). The constructed plasmids are listed in Table 1 . A 1.8-kb BamHI-SacI fragment containing the gus gene cloned to the pBin vector (Frisch et al., 1995) was ligated to the pBluescript II SK vector (Stratagene, San Diego, CA, USA), which was digested with the same enzymes, thereby generating the pBGUS vector. EcoRI-and BamHI-containing primers were designed (Table 2 ) to amplify fragments encompassing the promoter regions of the XAC0416 (500 bp) and XAC0424 (500 bp) ORFs, which were cloned to pBGUS (as they could be treated with the same enzymes), generating the pBGUS0416 and pBGUS0424 constructs, respectively. The promoterless pBGUS vector was used as the control. HindIII-SacI fragments excised from pBGUS0416 and pBGUS0424, each containing a Xac promoter at the 5'-end of the gus gene, were cloned to the Xanthomonas expression vector pHM1 (Innes et al., 1988) , which could be digested with the same endonucleases, generating the pHMGUS0416, pHMGUS0424, and pHMGUS constructs. All constructs were confirmed by a restriction map analysis in order to verify the cloning process. *F, forward; R, reverse. **Bold letters represent introduced restriction sites. ***Introduced restriction recognition sites. ****Length of a fragment (bp) downstream of the initiation codon (deduced promoter region) and including a putative plant-inducible promoter. 
RESULTS
Xac PIP-box-regulated genes that were differentially expressed during in planta infection were identified by in silico mapping of the PIP-box-like sequences and its associated genes throughout the genome.
In silico mapping of genes containing PIP-box promoters
The whole genome sequence of Xac 306 was mined for PIP-box candidates. An in silico search identified 104 PIP-boxes in the Xac 306 genome, with 89 presenting the 5'-TTCGN...N15...TTCGN-3' consensus and 15 presenting the 5'-TTCGC...N16...TTCGC-3' consensus sequences. These PIP-associated genes were categorized according to the genome annotation of the strain (S1 Table) .
Macroarray hybridization and identification of differentially expressed genes
Xac genes, expressions of which are regulated by Xac putative PIP-box sequences during infection, were identified using a macroarray containing 104 putative PIP-box sequences and genes that could be regulated by these sequences. The genes were hybridized with cDNA extracted from infecting and non-infecting Xac (during different times of infection) and 32 differentially expressed genes were identified (Tables 3 and 4) . These genes showed different expression profiles: 12 of these genes were upregulated, while the remaining 19 were downregulated (Tables 3 and 4 ). The expression of some genes increased or decreased with respect to the infection time; however, the expression of only one gene increased and decreased during the whole infection time. The expression of XAC1208 was ambiguous compared to the control; for example, its expression was upregulated at 12 h, maintained at 20 h and 3 days, and downregulated at 5 days (Table 4) . Analyses of the biological functions of the encoding proteins revealed their probable role in diverse cellular processes (Table 4) . Sugar metabolism, wall degradation, and two-component regulation (TCS) were the least represented by these genes. A greater number of differentially expressed genes affected the type II secretion system and nucleic acid metabolism, and encoded hypothetical proteins (Table 4) . *According to genome annotation of the Xac bacterium. 
Validation of macroarray analysis through semi-quantitative RT-PCR
The macroarray results were validated by analyzing three differentially expressed genes (XAC0398, XAC0416, and XAC2370) by semi-quantitative RT-PCR, using rDNA16S as a constitutively expressed gene. The results of quantitative Southern blot analysis (Figure 1) showed that all three genes presented the same expression profile observed in the macroarray experiment (Table 4) . As expected, the expression of rDNA16S remained unaltered (Figure 1 ). Values in the columns referring to the infection kinetics correspond to the level of expression of each gene (M value, 26) at the time of infection. Positive values correspond to gene induction and negative values to gene repression. No value means there was no difference in expression compared to bacterium growth in Nutrient Broth.
1 Open-reading frame, according to genome annotation of the Xac bacterium (http://genoma4.fcav.unesp.br/xanthomonas/).
2 As described in GenBank, 3 d.a.i. = days after inoculation, *Re-annotation in this study, A = Type III secretion system; B = membrane and cell wall metabolism; C = iron caption system; D = sugars and wall degradation metabolism; E = signal transduction or two-component system; F = flagellum, biofilm, and adhesiveness; G = nucleic acid metabolism; H = membrane transport; I = energy metabolism; J = putative secreted proteins; K = others; and L = hypothetical. NCBI, National Center for Biotechnology Information. 
Validation of macroarray analysis through gene reporter assay
The macroarray results were additionally validated using GUS as the gene reporter and the predicted PIP-box region as the promoter. Therefore, the PIP-box regions of XAC0416 and XAC0424 were tested, and the results presented in Table 5 .
The Xac 306 strain alone showed no GUS activity. On the other hand, the pHMGUS0416-and pHMGUS0424-transformed Xac 306 constructs showed residual GUS activity in the neutral (NB) and induction (XAM1) medium. However, pHMGUS0416 Xac 306 showed a 2.8-and 4.4-fold increase in GUS activity 3 and 5 days after plant inoculation, respectively, while Xac containing the pHMGUS0424 construct showed a threefold increase in GUS activity 3 to 5 days after inoculation. We also observed an obvious difference in the GUS enzyme activity in Xac containing the pHMGUS0416 or pHMGUS0424 constructs 5 days after inoculation. In fact, the GUS activity induced by the XAC0416 promoter was ten times higher than that induced by the XAC0424 promoter. The promoterless pHMGUS construct (negative control) showed GUS enzymatic activity at all studied times. Similar results were obtained by Furutani et al. (2006) , using the same reporter gene system, wherein the empty vector construct (promoterless gus gene) showed GUS activity. However, the insertion of a non-promoter 500-bp DNA spacer fragment between the lac promoter of the pHM1 vector and the gus reporter gene did not induce substrate (X-gluc) degradation in Xac cells transformed with pHMGUS500. Therefore, PIP-box regions from both XAC0416 and XAC0424 functioned as promoters when Xac was grown in medium mimicking the host plant, or within the host itself.
DISCUSSION
Herein, we aimed to identify novel Xac genes regulated by PIP-box and PIP-boxrelated sequences during bacterial growth in virulence-inducing medium (in vitro) and in planta, after citrus host infection, thereby correlating them with putative pathogenicity and virulence functions underlying citrus canker.
Thirty-two of the 104 genes identified by macroarray analysis were deemed to be differentially expressed. Among these, 26 presented the perfect PIP consensus sequence TTCGC….N15….TTCGC, 63 expressed the imperfect PIP sequence TTCGD….N15…. TTCGD (D could represent A, T, or G), while the remaining 15 presented the imperfect PIP sequence TTCGC….N16….TTCGC. Functional categorization revealed the involvement of these genes in several biological processes discussed herein.
Among the 32 differentially expressed genes possessing a PIP-box motif, 12 were upregulated and 19 were downregulated. Only one gene displayed a hybrid behavior, showing an increased or decreased expression at specific infection times. In this study, we used a modified inducing media, designated XAM1, derived from modifications made to the XVM2 medium; this medium proved to be a better inducer of the hrp gene in Xanthomonas citri subsp citri (Xac) than XVM2 (seen in previous experiments; personal communication with F.F. White). Therefore, we concluded that the culture parameters of XAM1 could be specific for the induction of Xac, by conferring similar conditions as the citric host, compared to the XVM2 broth, which is usually used to induce Xanthomonas campestris pv. vesicatoria.
Previously, Occhialini et al. (2005) studied gene expression in a R. solanacearum genome microarray; the hrp promoters of this phytopathogen are regulated by the transcriptional activator HrpB (homologous to HrpX in Xanthomonas), and are therefore identified as HrpBdependent genes. One hundred and forty-three of these genes were upregulated, while 50 were downregulated through hrpB. As seen in the study on R. solanacearum, the results of this study allowed the identification of up-or downregulated genes in Xac submitted to in vitro or in vivo virulence induction, related or unrelated to the type III secretion system.
Type III secretion system
The pathogenicity and virulence of Xac are determined by TTSS functioning, which is highly conserved in plant pathogenic gram-negative bacteria (Büttner and Bonas, 2002) . We verified that at least six of the differentially expressed genes (XAC0398, XAC0404, XAC0416, XAC0417, XAC1208, and XAC2922) identified during infection kinetics are TTSS effector and structural protein encoders (Table 4 ). The presence of this system allows the pathogen, once adhered to the host cell surface, to initiate its virulent function by injecting proteins to the host cell cytoplasm. The results of this study are in agreement with data provided in the literature.
Cell wall and membrane metabolism
The expression of three genes related to bacterial cell wall and membrane metabolism was modified (XAC0360, XAC1375, and XAC0781; Table 4 ). The expression of the cyclopropanate fatty acid synthase coding gene (XAC1375) was upregulated during the early stages of infection (20 h), and remained in this state up to 5 days after infection; this precluded cyclopropanation of the cell envelope membrane phospholipids, a phenomenon also observed in Mycobacterium during resistance to oxidative stress (Yuan et al., 1995) . Moreover, this mechanism is critical for infection initiation in mice (Rao et al., 2005) . The results of this study indicated a re-architecture of the macro-molecular structures (Lång, 2000) affecting the Xac::citrus interaction. This allows the proteins to anchor to bacterial cell membrane, in turn facilitating adherence to, and interaction with, the host cells, and consequently, successful induction of disease.
Iron uptake
The TonB-dependent receptor (XAC1435) expression was induced during the Xachost interaction (Table 4) . These receptors recognize siderophore molecules, which can reduce Fe 3+ to Fe
2+
; therefore, we deduced that the genes encoding these receptors could play a major role in iron absorption by bacteria. This is important because iron is essential for bacterial metabolism, with functions in processes like respiration, RNA synthesis, and inactivation of reactive oxygen species (Wandersman and Delepelaire, 2004) .
Plant cell-wall degrading enzymes
A major challenge faced by Xac is the lack availability of nutrients required for multiplication in the apoplastic spaces of the host. Xac overcomes this challenge by promoting plant cell wall degradation through hydrolase-type celullases, pectinases, and glycosidases (Wang et al., 2008) . In this study, we observed an early upregulation of genes encoding a predicted xylosidase/arabinosidase (XAC4258) and pectate lyase (XAC2922) (12 and 20 h after growth on inducing XAM1 medium, respectively; Table 4), which could be involved in the attachment and degradation of host plant cell wall polysaccharides, in order to feed the attacking pathogen.
Two-component system
Prokaryotic two-component or transduction systems are often part of complex regulatory networks and cascades. They are of paramount importance in transmitting environmental signals and regulating adaptive responses. In general, these systems comprise a sensor protein and a response regulator protein. The conserved domain of the sensor class is usually located at the C-terminus of the protein, while the regulator class is located at the N-terminus of the protein. The sensor proteins are histidine protein kinases that autophosphorylate during direct or indirect response to environmental stimuli, subsequently transferring the phosphate to a specific aspartate residue of the response regulator protein.
Phosphorylation of the response regulator protein modifies its regulatory function (Albright et al., 1989; Charles et al., 1992) . The X. oryzae pv. oryzae PhoPQ two-component system has a role in virulence and in the production of the AvrXA21 avirulence protein, in collaboration with the RaxRH two-component system. RaxRH regulates the expression of eight rax genes (required for AvrXA21 activity), in order to sense the population cell density (Lee et al., 2008) .
The expression of genes encoding regulatory proteins of the two-component system is altered when the bacteria comes in contact with the plant (XAC1797; Table 4 ). The XAC1797 gene codes for a response regulator protein within the PrrA domain (HTH_8). Laguri et al. (2006) reported PrrA to be a transcription regulator activated upon phosphorylation by its cognate kinase PrrB in response to low oxygen levels in Rhodobacter sphaeroides.
One hypothesis could be that this protein, encoded by the XAC1797 gene, can be a part of a two-component system that responds to the host plant contact, in addition to environmental signals, and regulates virulence genes. This hypothesis could be verified in the future through protein-protein interaction assays in yeast, using a two-hybrid system.
Motility and adhesiveness
In general, microorganisms can perceive environmental changes, thereby triggering the expression of protein-encoding genes, facilitating their maintenance and multiplication in the new environment. These proteins include hemagglutinins, proteins with GGDEF (GlyGly-Asp-Glu-Phe) domains, and proteins related to flagellum biogenesis. In this study, we verified the induction of a gene associated with the synthesis of a protein initially considered hypothetical, and later re-annotated in this study as a putative diguanylate cyclase (XAC0424), belonging to the group of proteins containing a GGDEF domain (Table 4) .
Nucleic acid metabolism
We also verified the repression of seven genes related to basal metabolism of nucleic acids when the pathogen was in the host plant environment and in a culture medium mimicking this environment (XAM1) (XAC1330, XAC4074, XAC2521, XAC1511, XAC2513, XAC2972, and XAC1224; Table 4 ). In this experiment, the control sample consisted of bacterium grown in NB medium, as opposed to bacterium grown under nutrient restriction conditions in the XAM1 inductive medium or in the plant; therefore, the obtained results suggested that the basal metabolism of nucleic acids (nucleotide synthesis, replication, and transcription) was higher under nutrient abundance. Upon installing itself in the intercellular spaces of the plant, the bacterium executes a series of adaptive mechanisms to colonize the environment. These adaptive measures should lead to slower cell multiplication, as opposed to bacterial development in rich culture medium.
Membrane transporters
Many studies on pathogenic microorganisms report the importance of membrane transport proteins (ATP-binding cassette families and major facilitator superfamily) in the toxic (to the pathogen) efflux of the host, which protect the pathogens from this line of defense (Pao et al., 1998; Schoonbeek et al., 2003; Zwiers et al., 2003) . However, this transport system is also involved in the influx of a number of biological molecules, including sugars, lipids, and polysaccharides. Therefore, the observed repression of genes encoding components related to substance transport (XAC4292, Table 4) could be correlated with differences in the environment, such as those between the NB medium and the initial host environmental conditions. We cannot exclude the hypothesis that this gene can be activated during the necrotic phase of the disease (5 days after infection), when the massive degradation of vegetal cell compounds, and eventual lysis of the cell, can lead to the release of substances that are toxic to the pathogen.
Energy metabolism
We verified the repression of two genes (XAC1535 and XAC2727; Table 4 ) involved in energy metabolism during the course of infection. The results of this study suggested that bacteria grown in XAM1 medium and in planta metabolize a lower amount of bioenergy during the infecting stage than bacterium grown in the NB medium.
Putative secreted proteins
The differential expression of XAC2370 (Table 4) , annotated as coding for a hypothetical protein, was verified. When submitted to BLASTp analysis, the encoding protein showed homology with the putative secreted proteins of Xcv.
Hypothetical proteins
Seven (37.5%) of the thirty-two differentially expressed genes coded for hypothetical proteins that were differentially expressed during the infection stage; therefore, these proteins could be further analyzed for their role in Xac pathogenicity and virulence.
CONCLUSIONS
The DNA macroarray technique was used in this gene expression study; we identified 32 differentially expressed genes related to different cellular processes, such as the processes involved in the Xac type III secretion system (XAC0398, XAC0404, XAC0416, XAC0417, XAC1208, and XAC2922). This allows the pathogen to initiate virulence once adhered to the host cell surface by injecting proteins to the host cell cytoplasm. Moreover, the differential expression of these genes leads to the modification of other mechanisms such as membrane and cell wall metabolism (XAC0360, XAC1375, and XAC0781); anchoring of host (citrus plant) proteins to the bacterial (Xac) cell membrane, thereby promoting adherence and interaction among the host cells and consequent successful induction of disease; bacterial iron uptake (XAC1435), which is of major importance because iron is essential for bacterial metabolism; sugar metabolism and cell wall degradation (XAC4258 and XAC2922), responsible for the attachment and degradation of the host plant cell wall polysaccharides to feed the attacking pathogen; and signal transduction (XAC1797; this gene is part of a two-component system that responds to host plant contact). Other differentially expressed genes are involved in flagellum metabolism, biofilm formation and adhesiveness (XAC0424), nucleic acid metabolism (XAC1330, XAC4074, XAC2521, XAC1511, XAC2513, XAC2972, and XAC1224), membrane transport (XAC4292), and energy metabolism (XAC1535 and XAC2727).
We also confirmed that PIP-box promoters play major roles in mediating the gene expression in Xanthomonas citri subsp citri, indicating that this could lead to the induction or repression of gene expression, allowing the establishment of the pathogen onto the host plant from the time of interaction.
Further evidence of this role has been provided by the results of reporter gene assays, wherein some promoters responded to gene induction when in contact with the host plant.
Together, these results shed a new light on the importance of PIP-box promoters on the ability of the pathogen to induce citrus canker.
